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Electrokinetic separation of bacteriophage φKZ from bacterial 
cells
Viswateja Kasarabada, a Zakia Azad, b Julie A. Thomas,*,b and Blanca H. Lapizco-Encinas*,a

The rise of drug-resistant bacteria and nosocomial infections has intensified the need for alternative antimicrobial strategies  
such as phage therapy. However, clinical adoption remains hindered by the lack of easily adoptable, high-yield purification 
methods. This study presents the first report of the electrophoretic separation of bacteriophage φKZ from binary mixtures 
with microparticles and Escherichia coli cells. Insulator-based electrokinetic (iEK) microchannels were employed to exploit 
differences in electrophoretic migration and the nonspecific binding affinity of bacteriophages to the surfaces of both 
microparticles and bacterial cells. The electrophoretic mobilities of all analytes were characterized in isolation in a uniform 
rectangular microchannel. Additionally, the microparticles and E. coli cells were also characterized in the presence of φKZ to 
assess the effect of nonspecific binding, which resulted in reductions in zeta potential of up to approximately 8 mV. 
Subsequently, employing the mobility data, COMSOL Multiphysics was utilized to identify the appropriate separation 
voltages to be used in the iEK channels. Separations under the streaming electrokinetic regime were carried out at the field 
strengths of 194.3 V/cm and 430.4 V/cm. Furthermore, an additional trapping-streaming separation experiment between E. 
coli cells and φKZ was achieved at 580.6 V/cm. These findings demonstrate the feasibility of a novel electrokinetic-based 
purification strategy for the rapid and scalable isolation of bacteriophages.

Introduction
The crisis of drug-resistant bacteria crisis is escalating. 

According to 2019 data from the U.S. Centers for Disease 
Control (CDC), these infections were responsible for an 
estimated 687,000 cases and 72,000 deaths, costing the U.S. 
healthcare system over $25 billion.1,2 This escalation poses an 
immediate threat to human life and a major burden on the 
global economy. A promising treatment option is the use of 
bacteriophages (phages), which are  viruses that selectively 
target specific bacteria.3 Phages represent the most abundant 
biological entities in the procaryotic order of the biosphere.4 
The earliest documentation of phages involved the 
independent discoveries by English bacteriologist Frederick 
Twort in 1915, while working with the cultures of smallpox 
vaccine, and by French physician Félix d’Hérelle in 1919, while 
attempting to treat dysentery.5,6 The key advantage of using 
phages to treat bacterial infections is their host specificity, 
limiting their ability to infect non-target species despite their 
diverse evolution.5 Additionally, phages are abundant in our 
environment and are genetically diverse.7,8 For instance, the 
phage φKZ utilized in this study is highly host-specific, 
replicating exclusively within the bacterium Pseudomonas 
aeruginosa.9 Because of this specificity, φKZ and related phages 

have been historically used to treat P. aeruginosa infections.10,11 
However, in the current era, phage therapy faces significant 
challenges before reaching its full clinical potential.12–14 A 
primary concern is the presence of endotoxins and enterotoxins 
from lysed host cells can induce adverse effects in patients 
undergoing therapy.15 Developing a reliable and easily 
adoptable purification method is essential to mitigate this risk. 
Current purification methodologies include polyethylene glycol 
(PEG) precipitation, Cesium Chloride (CsCl) aided 
ultracentrifugation, ultrafiltration and column chromatography, 
among others.16–21 

An ideal phage purification strategy for clinical applications 
must address four critical parameters: phage recovery rate, 
endotoxin removal efficiency, scalability and speed. Most 
prevalent methods excel in only one or two of these areas and 
fail to and fail to meet all four criteria simultaneously.22–28 For 
instance, high-purity methods such as the purification protocol 
published by Luong et al., require a 3.5-day window for 
purifying an isolated phage sample from the initial phage plaque 
isolation.21 Furthermore, the ultrafiltration and 
ultracentrifugation steps involved in these methods are time-
consuming and rely on specialized equipment, that lacks global 
ubiquity in clinical laboratories. A promising solution lies in 
microfluidic devices utilizing electrokinetics (EK), which offer 
portability, speed and a label-free approach capable of purifying 
phage samples in a matter of minutes.29–34 

Electrophoresis (EP), defined as the movement of charged 
particles suspended in a liquid medium under the influence of 
an electric field, is a cornerstone separation technique in 
analytical chemistry. Electrophoresis can be further subdivided 
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into linear electrophoresis (EPL) and nonlinear electrophoresis 
(EPNL). Arne Tiselius first reported on EPL in 1937.35 Since then, 
several modes of EPL have been developed, including capillary 
zone electrophoresis (CZE), for the manipulation of intact 
microorganisms.36 

In general, EPL is an effective separation technique that 
exploits differences in electrical charge between target 
analytes. In contrast, EPNL, is a more complex phenomenon, that 
is influenced by particle size and shape.37,38 Recently, EPNL has 
received significant attention as a powerful separation 
technique.39,40 Although EPNL was first reported by Dukhin and 
associates in the early 1970s,40–44 the field has only recently 
begun to make significant progress.45–47 

The first reported use of EK phenomena for virus 
purification was by J. B. Bancroft in 1962, who employed EP to 
purify bean pod mottle virus.48 Kremser et al., reviewed the use 
of CZE in manipulating viruses, bacteria and eukaryotic cells. 
49,50 Serwer and Hayes reported in 1982 the use of agarose gel 
EP for the fractionation of T7 bacteriophages.51 They observed 
a concentration effect where bands of T7 phage formed, 
possibly due to the adherence of positively charged tail fibers to 
the agarose gel. For further information, the reader is referred 
to two recent review on the recent advancements in the use of 
EK methods in microfluidic devices for the manipulation and 
rapid assessment of microorganisms.33,36

Dielectrophoresis (DEP), a phenomenon that depends on 
the polarizability of a particle with respect to that of the 
suspending medium, is another EK phenomenon used to 
manipulate microorganisms in microscale systems. Numerous 
studies have reported the use of DEP to manipulate, trap, or 
separate wide range of microbes.52 The Green research group 
employed DEP to characterize the dielectric properties of 
Herpes Simplex Virus type 1 and manipulate these viruses 
within microelectrode array devices.53–56 More recently, the 
Hayes research group has extensively utilized insulator-based 
dielectrophoresis (iDEP) within rectangular channels featuring 
sawtooth constrictions to distort the electric field, enabling the 
purification and isolation of various viruses.57–59 In 2019, Coll de 
Peña et al.,60 investigated the application of insulator-based EK 
(iEK) systems to purify bacteriophages SPN3US, φKZ and 201φ2-
1, while assessing their post-process viability. 

The present study also employed an iEK system, which is 
depicted in Figure 1. This type of device contains insulating 
structures within the channel that create regions with higher 
field intensities where nonlinear EK phenomena, such as DEP 
and EPNL, are enhanced. Recent findings in iEK systems 
stimulated with DC or low-frequency AC electric fields suggest 
that DEP may not be a dominant EK phenomenon, suggesting 
instead that EP effects (both EPL and EPNL) are the dominant 
mechanisms governing particle electromigration.46,61 

Lomeli-Martin et al.,62 recently analyzed bacteriophages 
SPN3US and φKZ and determined their electrophoretic 
mobilities and zeta potential. The findings of Coll de Peña60 and 
Lomeli-Martin form the basis for this work. 

This study investigates the binary separation of 
bacteriophage φKZ from two analytes: (1) polystyrene 
microparticles (P1), and (2) live Escherichia coli cells. These 

bacterial cells were used as proxies for the host cell, P. 
aeruginosa. Since P. aeruginosa is an airborne pathogen that 
poses a risk of aerosol transmission,63 a safer bacterial proxy 
was selected for this study. Previous reports indicate that P. 
aeruginosa has a zeta potential range of -25 to -35 mV,64,65 and 
a mean hydrodynamic diameter (𝐷ℎ) of 0.7 to 2.0 µm.66 
Therefore, the E. coli strain used in this study with a mean zeta 
potential of -25.5 mV and a 𝐷ℎ of 1.8 µm serves as an ideal 
proxy. Similarly, 1.0 µm microparticles were chosen as the 
synthetic proxy for this experiment due to their nearly identical 
zeta potential (-25.5 mV) to the E. coli strain. The 
electrophoretic mobilities of phage φKZ, microparticles and E. 
coli cells were characterized in a uniform rectangular 
microchannel under linear and nonlinear regimes employing an 
established protocol.62 Although bacteriophages are known to 
exhibit nonspecific binding to non-host bacteria and synthetic 
surfaces,67–69 the electrokinetic consequences of these 
interactions remain uncharacterized. 

Typically, this nonspecific binding is driven by a combination 
of electrostatic interactions, van der Waals forces, and 
hydrophobic effects, where the amphoteric nature of the phage 
capsid allows it to adsorb to diverse surfaces depending on the 
local environment.70 To date, few studies have quantified how 
this binding alters the fundamental surface properties of host 
or non-host surfaces. However, it is known that the positively 
charged tail fibers of T4 phages target negatively charged 
bacterial surface receptors.71 

Figure 1. Illustration of the iEK channel employed for this study, depicting the channel 
dimensions. The left inset shows the post shapes and their dimensions while the right 
inset illustrates the forces a particle inside this channel would experience before entering 
the constriction space between two posts. The window at the end of post array indicated 
by a red box is the interrogation window where fluorescence measurements are taken.

Bacteriophage φKZ is a myovirus meaning its virion is 
composed of a proteinaceous icosahedral capsid, which 
contains the dsDNA genome, and a contractile tail that ends in 
a baseplate structure used to recognize and bind to the host 
cell. Previous studies have shown that the φKZ virion is 
unusually large and complex for a tailed phage, and that it 
possesses unusual features, including many long fibers that 
emanate from its contractile tail, in addition to the fibers on its 
baseplate.72–74 Since the major virion proteins that form the φKZ 
virion share divergent homologs to those of the model E. coli 
phage T4, it is likely that the φKZ  tail is positively charged, 
similar to that of T4.75,76 Due to these characteristics of the φKZ 
virion, it was hypothesized that bacteriophage φKZ adheres to 
the surfaces of the microparticles P1 and E. coli cells used in this 

Page 2 of 13Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 1

2:
02

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5AN01220A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an01220a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

study. Characterization studies were conducted for the 
microparticles and E. coli cells to quantify this effect in terms of 
changes in zeta potential. These characterization data were 
then input into a COMSOL Multiphysics model to identify the 
appropriate voltages required for successful binary separations 
of phages from microparticles and E. coli cells within T-shaped 
iEK channels containing oval-shaped posts (Fig. 1). The results 
of this study demonstrate successful binary separations, in the 
streaming and streaming-trapping electrokinetic modes, by 
combining linear and nonlinear electrophoretic effects. This 
study also aims to understand the changes in the zeta potential 
of microparticles and E. coli cells as a result of nonspecific 
binding.

Theory
Electrokinetic phenomena are classified as linear or 

nonlinear, contingent on their relationship with the electric field 
magnitude. Three dimensionless parameters are employed to 
classify EK phenomena. These parameters are: the 
dimensionless field strength (𝛽), the Peclet (𝑃𝑒) and Dukhin 
(𝐷𝑢) numbers, defined as follows:
𝛽 = 𝐸𝛼

𝜑𝑇
(1)

𝐷𝑢 = 𝐾𝜎

𝐾𝑚𝛼 (2)

𝑃𝑒 = 𝛼|(𝐯𝐸𝑃)|
𝐷 (3)

where 𝜑𝑇 is the thermal voltage, 𝛼 is the particle radius, 𝐾𝜎  is 
the surface conductivity, 𝐾𝑚 is the bulk conductivity of the 
suspending medium,  𝐯𝐸𝑃 is the electrophoretic velocity of the 
particle, and 𝐷 is the diffusion coefficient. The values of the 
dimensionless parameters used in the characterization of the 
target particles in this study are reported in Table S1 of the ESI. 

The linear EK phenomena present in the microchannels used 
in this study are EO and EPL. The velocity expressions for EO flow 
and EPL following the Helmholtz-Smoluchowski (HS) 
approximation are:77 

𝐯𝐸𝑂 = 𝜇𝐸𝑂𝐄 = ― 𝜀𝑚𝜁𝑊

𝜂 𝐄        (4)

𝐯𝐸𝑃,𝐿 = 𝜇𝐸𝑃,𝐿𝐄 = 𝜀𝑚𝜁𝑃

𝜂 𝐄     (5)

for 𝜅𝛼 ≫ 1, 𝛽 ≪ 1, 𝐷𝑢~0, and 𝑃𝑒 ≪ 1 (weak field regime)
where 𝐯 and 𝜇 represent the velocity and mobility, respectively; 
𝐄 is  the electric field, 𝜅 is the inverse of the Debye length (𝜅 =  
𝜆―1

𝐷 ); 𝜁𝑊  and 𝜁𝑃 are zeta potentials of the wall and particle, 
respectively; 𝜀𝑚 and 𝜂 denote the permittivity and viscosity of 
the suspending medium; respectively. 

The HS approximation for EPL is only valid for particles with 
sizes significantly larger than the Debye length of the EDL, i.e., 
𝜅𝛼 ≫  1. This is not the case for the phage φKZ considered in 
this study. While the Debye length of the EDL in the suspending 
medium used in this work was estimated to be ≈ 14 nm, the 
hydrodynamic radius (𝛼 = 𝐷ℎ 2) of the phage is 78 nm, making 
the HS approximation (𝜅𝛼 = 5.6) inapplicable. For 𝜅𝛼 ≥  1, i.e., 
smaller particles, Henry’s formula was considered appropriate 
and employed for this study:78

𝐯𝐸𝑃,𝐿 = 𝜇𝐸𝑃,𝐿𝐄 = 2𝜀𝑚𝜁𝑃

3𝜂 𝑓(𝜅𝛼)𝐄 (6)

for 𝜅𝛼 ≥ 1, 𝛽 ≪ 1, 𝐷𝑢~0, and 𝑃𝑒 ≪ 1

𝑓(𝜅𝛼) =  1 + 1

2 1+ 2.5
𝜅𝛼(1+ 2𝑒―𝜅𝛼)

3 (7)

The nonlinear EK phenomena considered in this study are 
EPNL and DEP. There are several models that describe EPNL by 

utilizing the parameters 𝛽, 𝑃𝑒, and 𝐷𝑢. Expressions for 𝐯𝐸𝑃,𝑁𝐿 
have been developed for the two limiting cases of small 𝑃𝑒  
(𝑃𝑒 ≪ 1) and high 𝑃𝑒 (𝑃𝑒 ≫ 1) known as moderate and 
strong field regimes, respectively. The expression of  𝐯𝐸𝑃,𝑁𝐿 for 
the two limiting cases are given below:79–81 

𝐯(3)
𝐸𝑃,𝑁𝐿 = 𝜇(3)

𝐸𝑃,𝑁𝐿𝐸3𝐚𝐸 (8)

for 𝛽 ≤ 1, 𝑃𝑒 ≪ 1 (moderate field regime)

𝐯(3/2)
𝐸𝑃,𝑁𝐿 = 𝜇(3/2)

𝐸𝑃,𝑁𝐿𝐸3/2𝐚𝐸  (9)

for 𝛽 > 1, 𝑃𝑒 ≫ 1 (strong field regime)
where 𝐄 = 𝐸 ∙ 𝐚𝐸, 𝐸 is the electric field magnitude and 𝐚𝐸  is the 
unit vector of the applied electric field;  𝜇(𝑛)

𝐸𝑃,𝑁𝐿 denotes EPNL 
mobility, and 𝑛 denotes the dependence of 𝐯(𝑛)

𝐸𝑃,𝑁𝐿 with 𝐸 ( Table 
S2). Recently, the Xuan research group investigated the 
dependence of EPNL on particle size and shape, yet, a unified 
analytical expression for nonspherical particles is not yet 
available.82,83 Consequently, a spherical particle model 
employing the 𝐷ℎ — computed from the shape and size of the 
bacteria and bacteriophages — was adopted for this study. 
Given the magnitude of electrical fields used in this work, only 
the moderate field regime (𝑛 = 3) of EPNL is considered in this 
study. 

The expression for 𝐯𝐷𝐸𝑃 of a spherical particle is:

𝐯𝐷𝐸𝑃 =  𝜇𝐷𝐸𝑃∇𝐸2 = 𝛼2𝜀𝑚
3𝜂 𝑅𝑒[𝑓𝐶𝑀]∇𝐸2        (10)

where 𝑅𝑒[𝑓𝐶𝑀] is the real part of the Clausius-Mossotti factor, 
which accounts for the relative polarization of the particles to 
that of the suspending medium, and ∇𝐸2 is the gradient of the 
square of electric field magnitude 𝐸. While small compared to 
the bulk electrophoretic velocity, the DEP vector contributes to 
the overall migration behavior of the particle. Including this 
term allows the COMSOL model to be applicable across a wider 
range of voltages. Furthermore, incorporating DEP effects 
improves the overall particle velocity estimation for accuracy 
purposes.61 Thus, the overall velocity of the particles inside the 
iEK system considered in this study is determined by following 
the expression, 
𝐯𝑃 = 𝐯𝐸𝑂 + 𝐯𝐸𝑃,𝐿 + 𝐯(3)

𝐸𝑃,𝑁𝐿 + 𝐯𝐷𝐸𝑃 (11)
The quality of the separations conducted in this study was 

determined by the separation resolution 𝑅𝑠obtained by 
analyzing the electropherogram of the particles measured at 
the interrogation window (see Fig. 1). It is expressed as follows:

𝑅𝑠 = 2 𝑡𝑅2, 𝑒― 𝑡𝑅1,𝑒

𝑊1+ 𝑊2
         (12)

where 𝑊 is the width of the peak at its base and 𝑡𝑅,𝑒 is the 
experimental retention time of each particle peak in the post 
array of the iEK channel. 

Materials and methods
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Suspending medium and particles

The suspending medium was a 0.2 mM solution of K2HPO4 

with 0.05% (v/v) Tween-20 added to prevent clumping. The 
conductivity and pH of the medium were measured to be 42.5
± 2.8 μS/cm and 7.2 ± 0.1, respectively; resulting in a 𝜇𝐸𝑂  and 
𝜁𝑊  of (4.7 ± 0.3) × 10―8 m2 V−1 s−1 and ―60.1 ± 3.7 mV, 
respectively, characterized through current monitoring 
experiments.84 The study employed a total of three target 
particles – a 1.0 µm polystyrene particle, E. coli bacteria, and 
phage φKZ. Bacteriophage φKZ was prepared in a P. aeruginosa 
bacterial culture and to eliminate as much bacterial debris as 
possible, the phage stock was centrifuged twice at 7700 g for 10 
min at 4 oC resulting in a titer of 2 × 1011 pfu/mL (pfu – plaque 
forming units). This study also employed E. coli cells (ATCC: 
11775, American Type Culture Collection, Manassas, VA). 
Standard cell culture protocols were followed to obtain an E. 
coli sample. Standard labeling protocols were used to label φKZ 
phages and E. coli cells with SYBR Gold and SYTO 85 dyes 
(Invitrogen, Carlsbad, CA) staining them green and red, 
respectively. Fluorescent polystyrene particles (Red, 
Magsphere, Pasadena, CA) with a diameter of 1 µm were 
suspended in the medium and employed as synthetic proxy for 
P. aeruginosa cells. The particle concentrations employed in this 
study are provided in Table S3 of the ESI. All particles were 
characterized in a post-less rectangular microchannel to obtain 
the parameters of  𝜁𝑃 and 𝜇(3)

𝐸𝑃,𝑁𝐿 using particle tracking 
velocimetry (PTV) experiments (Table 1).46,62,85,86 Given that 
bacteriophage φKZ and E. coli cells are non-spherical, their 
equivalent 𝐷ℎ values were utilized for zeta potential 
determinations using Henry’s function and the Smoluchowski 
approximation, respectively. Bacteriophages are known to bind 
nonspecifically to non-host cells as well as synthetic 
surfaces.67,68 To quantify this interaction, E. coli cells and P1 
microparticles were characterized in presence of the φKZ 
phages. The changes observed in the EK properties of the E. coli 
cells and microparticles P1 due to the presence of the phage 
φKZ are discussed in the results section. The suspending 
medium influences particle characteristics, making these 
properties specific to this particle-liquid system. The particles 
were mixed at the desired concentrations (Table S3) and were 
injected into the iEK device using a three-step EK injection 
process.87

Microdevices

The characterization studies were conducted in a uniform 
rectangular postless microchannel that was 40 µm deep, 1.1 
mm wide, and 1 cm long. Separation studies were conducted in 
T-shaped iEK microchannels containing insulating posts, 
featuring a depth of 40 µm. The schematic and dimensions of 
the iEK channel are shown in Figure 1. All devices were made 
from polydimethylsiloxane (PDMS, Dow Corning, MI, USA) using 
standard soft lithography techniques.88 After PDMS curing and 
the punching of holes in the microchannels for the four 
reservoirs (see Fig. 1 reservoirs A, B, C, D), the PDMS devices 
were attached to a PDMS-coated glass wafer through corona 

treatment followed by heat treatment. The microchannels were 
filled with the suspending medium at least 12 hours before 
experimentation to ensure a well-developed EDL and, thereby, 
a stable EO flow.

Table 1. Characteristics of the particles used in this study. The conditions at which the 
zeta potential and the mobility of EPNL were determined are listed in the supporting 
material in Tables S1-S2.

Particle ID Species 
present

𝐷ℎ 
(nm)

𝜻𝑷
(mV)

𝝁(𝟑)
𝑬𝑷,𝑵𝑳x10-19

(m4V-3s-1)
φKZ Solo 156 -50.3 ± 3.1 -3.1 ± 0.3

Solo -25.5 ± 0.9 -15.3 ± 3.5Microparticle 
(P1) With φKZ

1000
-20.2 ± 0.3 -24.4 ± 1.7

Solo -25.5 ± 1.5 -64.2 ± 9.4
E. coli cells

With φKZ
1800

-17.6 ± 0.6 -63.3 ± 5.4

Equipment and software

Electric potentials were applied through platinum wire 
electrodes using a high-voltage power supply (model 
HVS6000D, LabSmith, Livermore, CA). Experiments were 
recorded with a Leica DMi8 inverted microscope (Wetzlar, 
Germany). Tracker software (Douglas Brown), built on the 
Open-Source Physics (OSP)89 Java framework, was used to 
analyze PTV experiment data, while ImageJ was used to analyze 
the integrated pixel density of the videos recorded for 
separation experiments.

Mathematical model

Mathematical modeling is a valuable tool to guide EK 
experimentation and device design.90 Numerical models were 
constructed in COMSOL Multiphysics for the device used in this 
study (Fig. 1) using the experimentally determined 
characteristics (Table 1) as inputs to predict the electric field 
(Fig. S3) and the particle retention times (𝑡𝑅,𝑝) which were 
compared to the experimental retention times (𝑡𝑅, 𝑒). Detailed 
information about the COMSOL model and the conditions 
employed to obtain the predicted retention times are included 
in Figures S1-S2 and Tables S4-S5 of the ESI. The COMSOL model 
used in this study is used to identify operational voltages for the 
injection window of the experiment (Table 2). It does not 
account for the electric field distortions created by the target 
particles themselves, particle-particle interactions, 
temperature changes such as Joule heating, or injection bias 
during the EK injection process. The cutline shown in Figure S2 
was used to obtain  𝑡𝑅,𝑝 vs. applied electric potentials data. 
Applied electric potentials that would lead to a difference in 
predicted retention times (∆𝑡𝑅,𝑝) of more than 90 s were used 
as a starting point. A summary of the input voltages versus the 
differences in retention time (∆𝑡𝑅,𝑝) for both the streaming 
separation experiments is included in Table S6 of the ESI, 
respectively.

Experimental procedure

Samples of mixed particle suspensions of 5 µL 
(concentrations in Table S3) were injected into reservoir A of 
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the iEK device using a pipette, and platinum electrodes were 
placed into each of the reservoirs. To eliminate hydrodynamic 
bias, pressure-driven flow was eliminated by carefully balancing 
the liquid levels in the four reservoirs. An EK injection process 
comprising the  sequential application of three sets of voltages 
(i.e., loading, gating, and injection, see Table 2),87,91,92 was used 
to electrokinetically inject a small amount of the sample into the 
microchannel. The particles were recorded during their 
migration across the microchannel. The fluorescence signal 
used to build the electropherogram was obtained by focusing 
the camera focused on the interrogation window shown in 
Figure 1.

Table 2. Voltage applied at the electrodes A-D for the EK injections for all separations. 
The injection steps are for each separation have different durations and voltages at 
electrode B. 

Applied voltage at each reservoir (V)
Step

Duration
(s) A B C D

Loading 12 800 200 0 500
Gating 4 800 800 700 -100

Injection for 194.3 V/cm 400 100 700 100 0
Injection for 430.4 V/cm 200 100 1800 100 0
Injection for 580.6 V/cm 100 100 2500 100 0

Results and discussion
Characterization of particles used in this study

In the introduction, it was hypothesized that the large, 
potentially positively charged tail fibers of φKZ would induce 
nonspecific contact binding with negatively charged non-host 
surfaces, thereby altering their EK properties. To validate this 
hypothesis, characterization studies were conducted for the 
non-phage analytes used in this study in the presence of φKZ. It 
was found that P1 microparticles and E. coli cells exhibit 
different EK properties compared to when they are 
characterized individually in “solo” experiments. As detailed in 
Table 1, in both cases, a decrease in zeta potential magnitude 
was observed. The zeta potential of the microparticles changed 
from -25.5 mV to -20.2 mV when characterized solo vs. in the 
presence of φKZ, respectively. For E. coli cells, the zeta potential 
changed from -25.5 mV to -17.6 mV for solo vs. in the presence 
of φKZ, respectively. This reduction is attributed to the 
formation of nonspecific binding of bacteriophages on non-host 
surfaces, whether they are bacterial or synthetic. The process 
likely results from the natural affinity of positively charged tails 
encountering the negatively charged surfaces and thereby 
potentially creating φKZ-P1 or φKZ-E. coli complexes. While the 
native zeta potential difference between the phage φKZ and E. 
coli cells (~25 mV) was already sufficient for separation, this 
binding-induced reduction widened the gap to ~33 mV, 
providing a larger margin for discrimination. Regarding the 
mobility of EPNL for all particles, the results are as expected, as 

the larger particles (P1 microparticles and E. coli cells exhibited 
a much higher magnitude of their  𝝁(𝟑)

𝑬𝑷,𝑵𝑳  values than the small 
phages, which is agreement with previous reports.85 An 
increase in particle size increases the convective-diffuse layer of 
the EDL, resulting in an increase in the polarization charge, 
which in turn increases the effects of EPNL.93

This finding is notable because the retention time of a particle (
𝑡𝑅) in an EK system is inversely proportional to  the magnitude 
of its zeta potential.94 The lower the magnitude of its negative 
zeta potential, the faster the particle migrates. While the native 
zeta potential difference between the phage φKZ and E. coli 
cells (~25 mV) was sufficient for separation in the linear regime, 
the binding-induced effects, which reduced the zeta potential 
magnitude of the E. coli cells, widened this gap to ~33 mV, 
further improving the discrimination capability. 

In an iEK channel, two types of separations schemes can 
occur: streaming separations,31 and streaming-trapping 
separations.95 Both types of separations were performed in this 
study, exploiting the distinct electromigration behavior of the 
target particles and  the effects of nonspecific binding. 

Binary separations of a bacteriophage and a microparticle

Binary separation experiments between phage φKZ and the 
synthetic proxy for P. aeruginosa, P1 microparticles, were 
conducted in the iEK channel in Figure 1 under two distinct 
electric field strengths. With the computed voltages from the 
COMSOL model for the injection steps, a series of experiments 
was conducted to ascertain the optimal duration and voltages 
for the loading and gating steps (Table 2). Once these 
parameters were determined, experiments were performed to 
separate the phage φKZ from the P1 microparticles. 
First, a separation was performed at a field strength of 194.3 
V/cm. The electropherogram in Figure 2a shows the phage and 
P1 microparticle elution peaks with a separation resolution of 
Rs = 2.41. This baseline separation confirms that the 
electrophoretic mobility differences enable a charged-based 
separation by exploiting the differences in zeta potential.  
Subsequently, the electric field was increased to 430.4 V/cm, 
which induced nonlinear EK effects in the P1 microparticles (𝛽 = 
1.11), while the phages remained in the linear regime. The 
electropherogram pf this separation is shown in Figure 2b, 
where a lower separation resolution of Rs = 1.7 was obtained, 
demonstrating that the separation between φKZ and 
microparticles P1 should be carried out as a charged-based 
separation in the linear regime. The only advantage offered by 
performing the separation at a higher electric field is a shorter 
processing time. Both separations shown in Figure 2 are 
charged-based separations, aided by the effects on nonspecific 
binding, which shifted the zeta potential of the P1 microparticle 
from -25.5 mV to -20.2 mV (change of 5.3 mV), these effects 
would not enhance separations in the nonlinear regime. 
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Table 3. Experimental (𝒕𝑹,𝒆) and model-predicted (𝒕𝑹,𝒑) retention times with deviations for separating microparticles (P1) and E. coli cells from φKZ phages, with predictions based 
on their properties as characterized in the presence of φKZ (Table 1). The dimensionless parameters (𝛽, 𝑃𝑒, and 𝐷𝑢) were calculated at the post constriction to indicate the operative 
EK regime for each analyte. 

Separation ID 
Particle 

ID
Predicted

 𝒕𝑹,𝒑 (s)
Rep 1

 𝒕𝑹,𝒆 (s)
Rep 2 
𝒕𝑹,𝒆 (s)

Rep 3 
𝒕𝑹,𝒆 (s)

Average 
𝒕𝑹,𝒆 (s)

% Deviation 
𝒕𝑹,𝒑  vs. 𝒕𝑹,𝒆

P1 127.9 105.8 115.6 105.0 108.8 -18Separation of φKZ and P1 at 𝑬 = 194.3 V/cm, Avg. Rs = 2.51
φKZ conditions: 𝛽 = 0.08, 𝐷𝑢 = 1.54 and 𝑃𝑒 = 0.03
P1 conditions: 𝛽 = 0.50, 𝐷𝑢 = 0.09 and 𝑃𝑒 = 0.12 φKZ 241.8 253.0 245.9 250.2 249.7 3

P1 59.1 54.1 56.7 54.4 55.0 -7Separation of φKZ and P1 at 𝑬 = 430.4 V/cm, Avg. Rs = 1.59
φKZ conditions: 𝛽 = 0.17, 𝐷𝑢 = 1.54 and 𝑃𝑒 = 0.08
P1 conditions: 𝛽 = 1.11, 𝐷𝑢 = 0.09 and 𝑃𝑒 = 0.33 φKZ 109.7 134.9 134.0 136.5 135.1 19

E. coli 121.0 101.3 103.8 105.9 104.9 -15Separation of φKZ and E. coli at 𝑬 = 194.3 V/cm, Avg. Rs = 2.56 
φKZ conditions: 𝛽 = 0.08, 𝐷𝑢 = 1.54 and 𝑃𝑒 = 0.03

E. coli conditions: 𝛽 = 0.91, 𝐷𝑢 = 0.04 and 𝑃𝑒 = 0.08 φKZ 241.8 260.1 264.8 267.7 266.3 9

E. coli 58.7 55.7 52.6 57.7 55.3 -6Separation of φKZ and E. coli at 𝑬 = 430.4 V/cm, Avg. Rs = 1.74 
φKZ conditions: 𝛽 = 0.17, 𝐷𝑢 = 1.54 and 𝑃𝑒 = 0.08

E. coli conditions: 𝛽 = 2.00, 𝐷𝑢 = 0.04 and 𝑃𝑒 = 0.77 φKZ 109.7 114.8 111.0 117.7 114.5 4

 

Figure 2. Electropherograms of the binary separations of phage φKZ and microparticles 
at an electric field strength (computed between the vertical constriction between the 
posts) of (a) 194.3 V/cm showing a resolution of 𝑅𝑠 = 2.41, (b) 430.4 V/cm showing a 
resolution of 𝑅𝑠 = 1.70. All applied voltages are in Table 2.

Binary separations of a bacteriophage and a bacterium

Due to the similarities in particle properties between the 
two separations, the exact same voltages were used for both 
types of streaming mode separations, which allowed to 
evaluate for reproducibility. Separations were initially 
performed at 194.3 V/cm and 430.4 V/cm. 

At the lower field of 194.3 V/cm a separation resolution of 
Rs = 2.49 was obtained, as shown in the electropherogram in 
Figure 3a. The results are similar to those obtained for the φKZ-
P1 separation (Fig. 2a). In both cases, differences in charge are 
the discriminating mechanism, although some nonlinear effects 
may affect the migration of the E. coli cells as they migrated 
under the conditions of 𝛽 = 0.91. However, the charge 
difference is the dominating effect in this separation, which was 
aided by the reduction in the magnitude of the zeta potential of 
the E. coli cells induced by the nonspecific binding.

The electropherogram obtained at 430.4 V/cm, shown in  
Figure 3b, also followed the same trend observed with the φKZ-
P1 separation (Fig. 2b).  A decrease in separation resolution was 
obtained with an Rs = 1.69, with both analytes exhibiting 
significantly earlier elution times. The fact that the E. coli cells 
migrated under the effects of nonlinear electrophoresis with 𝛽 
= 2.00, only worsened this charged-based separation. An 
advantage of using a higher voltage is a faster separation, 
although at the cost of decreased resolution. Both 
electropherograms in Figure 3 are charged-based separations 
that were aided by the effects of nonspecific binding which 
shifted the zeta potential of E. coli cells from -25.5 mV to -17.6 
mV (change of 7.9 mV). 
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The effects of EPNL can be strategically exploited for the 
separation between phages and host cells by employing a 
streaming-trapping approach.95 In this mode of separation, the 
host cells —which are influenced by EPNL effects—reach a 
trapping threshold at the constriction regions between the 
posts, while the phages continue to flow in a streaming pattern. 
To illustrate this, an additional experiment was conducted at an 
electric field of 580.6 V/cm to induce trapping of E. coli cells at 
a condition of 𝛽 = 2.7. Under these parameters, the φKZ phages 
remained in the linear regime and streamed through the array 
unimpeded, as demonstrated in Figure 3c. Under these 
conditions the elution order is reversed; the phages elute first, 
followed by a deliberate reduction in the electric field strength 
to release the trapped E. coli cells. Ultimately, this 
demonstrates that EPNL provides a tunable mechanism for 
purification, allowing for the selective immobilization of larger, 
lower-charge analytes while maintaining high-throughput 
recovery of the target bacteriophages. A detailed analysis of the 
contribution of each individual EK phenomenon to the overall 
particle migration in all the separations in this study is included 
in Figure S4. From this figure it can be observed that EPNL effects 
become significant for the P1 microparticles and E. coli cells at 
the fields of 430.4 V/cm and 580.6 V/cm. Videos of the eluting 
peaks obtained at of 194.3 V/cm and 430.4 V/cm and were 
included with the supplementary material as Videos S3 and S4, 
respectively. 

Discussion

The φKZ elution peaks show distinct shape variations across 
the four streaming separations. While co-analytes (P1 and E. coli 
cells) remained consistent — exhibiting tailing and Gaussian, 
respectively — the φKZ peak transitioned from tailing at 194.3 
V/cm (Fig. 2a) to Gaussian at 430.4 V/cm (Fig. 2b). Notably, the 
φKZ peak exhibited fronting behavior in the presence of E. coli 
cells (Fig. 3). These inconsistencies are attributed to field-
induced phage agglomeration. As established by Mori et al.,96 
the application of a DC electric field polarizes the electric double 
layer (EDL) of particles in aqueous solution. This polarization 
creates electric dipoles that generate attractive electrostatic 
forces, driving particle agglomeration. Since φKZ possesses a 
high zeta potential of -50.3 mV, its dense EDL makes the phages 
highly polarizable, resulting in significant self-agglomeration 
and the observed morphological instability in peak shapes. This 
is evident in Videos S1 – S4, where agglomerated phages could 
be seen exiting the post array at the interrogation window. 

Another observation from the experimental results is that 
φKZ bacteriophage virions migrated slower than predicted by 
COMSOL in both the separations — a discrepancy attributed to 
limitations in the computational model — whereas the P1 
microparticles and E. coli cells migrated faster than predicted. 
As discussed earlier, EK injection bias could be the cause of this 
deviation. This phenomenon has been observed in other studies 
when the difference in the zeta potentials of two analytes is 
sufficient to create an injections bias. This is a preferential 
migration effect where the particles with a lower zeta potential 

magnitude surge ahead and elute earlier than anticipated.31,90,97 
Given that the EK injection voltages and durations were 
identical same for both sets of streaming of separations, the 
particles with lower zeta potential magnitudes (P1 
microparticles and E. coli cells) exhibited consistent tendencies 
by eluting earlier than expected. This observation reinforces the 
EK injection bias theory, demonstrating that analytes with 
reduced electrophoretic mobility are preferentially surged 
forward by the electroosmotic flow during the injection phase.

Figure 3. Electropherograms of the binary separations of phage φKZ and E. coli cells at 
an electric field strength (computed between the vertical constriction between the 
posts) of (a) 194.3 V/cm showing a resolution of 𝑅𝑠 = 2.49, (b) 430.4 V/cm showing a 
resolution of 𝑅𝑠 = 1.69, (c) image of trapping-streaming separation of φKZ-E. coli cells 
where the red E. coli cells are electrokinetically trapped at 580.6 V/cm while the green 
φKZ streams along. All applied voltages are in Table 2.

It is important to note, that the model has limitations, as 
detailed in the mathematical model section. Specifically, the 
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simulations do not account for particle-particle interactions, 
Joule heating or EK injection bias effects. Despite these 
omissions, the primary utility of the model is to guide 
experimentation, by identifying appropriate operational 
voltages for separations. Considering that the separations 
occurred using the exact voltages that the model predicted, and 
that the deviation between predicted and experimental times is 
consistently below 20% (Table 3); the model is a valuable tool 
for streamlining experiments and eliminating the need for trial-
and-error methodologies.

Conclusions
This study demonstrated the successful charged-based 

separation of bacteriophage φKZ from polystyrene 
microparticles and E. coli cells. Given the significantly higher 
zeta potential magnitude of the phages, both the polystyrene 
microparticles and E. coli cells eluted first in the streaming 
experiments. The effects of nonspecific binding affinity 
between the phage tails and the surface of the co-analytes were 
quantified.67,68 This characterization revealed that the 
formation of phage complexes results in a reduction in the 
magnitude of the zeta potential (~8 mV or 30% for E. coli cells). 
This surface modification is a quantifiable factor influencing 
their migration behavior, which aided the charged-based 
separations reported in this work.

For each binary system (φKZ-P1 and φKZ-E. coli cells), two 
sets of streaming binary separations were carried out at the 
field strengths of 194.3 V/cm and 430.4 V/cm. The separations 
at the lower field strength (194.3 V/cm) yielded better 
resolution, as charged-based separations are the most efficient 
when all analytes migrate within the linear electrophoretic 
regime. This is further supported by the lower separation 
resolution values obtained at the higher field strength (430.4 
V/cm) for both systems. While employing a higher field resulted 
in faster separation times, it compromised resolution; in this 
case, the emergence of nonlinear electrophoresis effects 
proved detrimental to the charge-based separation efficiency.  

An additional separation under the streaming-trapping 
regime was carried out to demonstrate the strategic application 
of nonlinear electrophoresis effects. To induce trapping of E. 
coli, cells a field of 580.6 V/cm was used, triggering strong 
nonlinear electrophoresis effects that trapped the cells within 
the post array, while the φKZ phages flowed unimpeded in a 
streaming fashion. In this regime, the elution order is reversed: 
the phages elute first, while the cells remain trapped. Cell 
recovery is subsequently achieved by reducing the field to 
release the cells from the trapping regions. These results 
illustrate that nonlinear electrophoresis is a tunable mechanism 
for phage purification, as it allows for the selective 
immobilization of host cells based on their specific 
electrokinetic thresholds.

 In future research, the electrokinetic effects of nonspecific 
binding between bacteriophages and synthetic or biological 
particles will be investigated to understand the broader 
implications of this phenomenon. For instance, electrokinetics 
presents a potential strategy to investigate the mechanisms 

behind changes in bacterial motility in the environment, as 
comparable cases were observed by Ping et al.,98 and Yu et al.99 
Another consideration is the potential loss of φKZ titer due to 
its nonspecific binding affinities for synthetic and bacterial 
surfaces. Further investigations are required to quantify the 
degree of sample loss, which must be weighed against 
strategies to passivate the binding sites. Efforts are also 
underway to develop methods for the removal of cellular debris 
from phage samples. As discussed earlier, highly purified 
bacteriophage preparations are required for phage therapy, as 
the presence of host cell debris and other endotoxins could 
induce adverse effects in patients.15 Developing an adaptable 
and cost-effective electrokinetic-based solution that overcomes 
the limitations of current methodologies is paramount to 
achieving a wider prevalence of phage therapy for nosocomial 
infections. 
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